A B S T R A C T To determine whether the small intestine normally secretes fluid, it would be necessary to reduce or inhibit the greater absorptive processes that would otherwise mask such secretion if present. To do this, we perfused bicarbonate-free solutions in the jejunum of normal subjects, because it has been shown that active absorption from this part ofthe human small intestine is dependent on luminal bicarbonate. We found that the jejunum did secrete sodium chloride and water when isotonic bicarbonate-free solutions were perfused. Further studies revealed that the sodium secretion was passive, but that chloride was secreted against an electrochemical gradient and that observed chloride flux ratios did not agree with the flux ratios calculated for passive chloride movement. We conclude, therefore, that the normal jejunum actively secretes chloride, but that this is masked by greater absorptive processes when balanced electrolyte solutions are perfused. The rate of this active chloride secretion may be one ofthe factors that regulate the rate of fluid absorption in the normal human intestine.
INTRODUCTION
When the normal human small intestine is perfused with balanced electrolyte solutions, the overall effect of its transport processes is absorption ofthe luminal fluid. However, it has been suggested that the small bowel also secretes fluid normally, but that this is masked by higher rates of intestinal absorption (1) .
Further information about this hypothesis might be obtained if it were possible to inhibit the normal absorptive mechanisms by some nonpathologic means that would not stimulate secretion. It seemed that we could do this in the normal human jejunum by simply eliminating bicarbonate from the perfused test solution. This is because active absorption of electrolytes from the human jejunum in vivo is dependent on luminal bicarbonate (2) . If bicarbonate-free solutions are perfused, intestinal secretion should result if the normal human jejunum is a secretory as well as an absorptive organ.
METHODS

Measurement of absorption-secretion
Perfusion studies were carried out in the standard fashion using the triple-lumen method (3) . The mixing segment was 10 cm, and the test segment was 30 cm. The studies were started when the infusion site was located at the ligament of Treitz as determined by fluoroscopy. The test solutions were infused at 10 ml/min. Equilibration periods were 50 min, and the collection periods were 60 min. The collections from the proximal and distal collecting sites were staggered by 10 min, and samples were aspirated from these sites at 1.5 ml/min.
The test solutions were isotonic and contained varying concentrations ofNa, K, Cl, HCO3, SO4, and mannitol. To some test solutions 36C1 and 24Na (0.5 MCi/liter) were added. Each test solution contained polyethylene glycol, 2 glliter, as a nonabsorbable marker. The exact makeup ofeach test solution is given in the Results section.
Potential difference
Potential difference (PD)l was measured (a) directly via a flowing saline electrode, and (b) in some experiments indirectly via the equilibration concentration of an ion (K+) that is distributed across the intestinal mucosa according to electrochemical gradients.
Direct measurement. PD was measured continuously between a flowing intraluminal electrode and a subcutaneous reference electrode, as recently described in detail (4) . Briefly, the reference electrode consisted of saline in a Medicut catheter (Sherwood Medical Industries, St. Louis, Mo.) inserted into the subcutaneous tissue of the dorsal aspect of the forearm. (In dogs, a subcutaneous reference site has been shown to give results similar to a reference electrode placed on serosa of intestine [5] .) This subcutaneous reference and the flowing intraluminal catheter were connected via 3-M KCl agar bridges and calomel half-cells to the input terminals of a battery-powered electrometer (model 602, Keithley Instruments, Inc., Cleveland, Ohio), and the output was displayed on a chart recorder (model 281, Rikadenki, Tokyo, Japan).
Preliminary studies revealed that when the infused test solution wvas used as the flowing electrode, results were similar to when a flowing electrode (consisting of normal saline infused at a rate of 0.15 ml/min) was situated at the midpoint ofthe test segment (25 cm from the infusion site via a fourth tube attached to the standard triple-lumen perfusion tube). For example, during perfusion ofa bicarbonate-free solution, the PD was -3.7±0.7 mV at the infusion site and -3.9±0.7 mV at the midpoint ofthe test segment in five normal subjects. Therefore, in further studies we used the infused test solution as the flowing electrode because it reduced the number of necessary tubes, and therefore the size of the perfuision assembly. It also avoided the addition of extra solution in the middle of the test segment which, though small in volume, would have interfered with accurate measurement of transport rates.
As shown in Table I , PD by this method changed as expected in response to varying the luminal concentration of glucose (sodium transport potential) and sodium (sodium diffusion potential).
Indirect measurement. Previous studies have shown that potassium movement across small bowel mucosa is passive in accord with electrochemical gradients (6), and is equilibrated by the time fluid reaches the distal collecting site during intestinal perfusion (7) . Therefore, PD across the mucosa was estimated from a comparison of luminal potassium concentration at the distal collecting site and serum potassium concentration by means of the Nernst equation (8, 9) .
Analysis of samples
Infused test solutions and aspirated samples obtained from the proximal and distal ends ofthe test segment were analyzed for polyethylene glycol by the Hyden method (10) and for sodium and potassium concentrations by flame photometer (model 343, Instrumentation Laboratory, Inc., Lexington, Mass.). Chloride and bicarbonate were determined with a Beckman chloride/carbon dioxide analyzer (Beckman Instruments, Fullerton, Calif.). Osmolality was determined with an Advanced Instruments osmometer (model 3DI1, Advanced Further studies with the bicarbonate-free solution. 12 additional subjects were perfused with the bicarbonate-free solution (A), as in the preliminary studies above. In addition, 36C1 was added to every solution, and 24Na was added to the test solution when the isotope was available, so that unidirectional fluxes and observed flux ratio could be determined. Potential difference and the plasma concentration of sodium and chloride were measured, and the calculated flux ratio Effect of cimetidine. Since cimetidine is known to inhibit HCl secretion by the stomach, we investigated the effect of this drug on chloride secretion in the jejunum. Six additional normal subjects were perfused with a bicarbonate-free solution as above. Mean net sodium and chloride secretion were again observed at rates of 3.9 and 5.1 meq/h per 30 cm, respectively. An intravenous bolus injection of 300 mg cimetidine was given, and was followed by a continuous infusion of cimetidine at a rate of 75 mg/h. As shown in Table V , cimetidine had no significant effect on net secretion rate of water and electrolytes or on PD.
pH and Pco2. To determine whether the active chloride secretion was associated with hydrogen secretion, five additional normal subjects were perfused with a bicarbonate-free and a bicarbonate-containing balanced electrolyte solution that were continuously bubbled with 5% C02-95% 02. Aspirated fluid from the proximal and distal collecting sites was collected anaerobically in well-fitting syringes and sealed at termination of the collection. Pco2 and pH were then measured immediately. Cimetidine was administered intravenously during both of these studies to reduce gastric acid secretion. (Ifgastric acid were emptied into the small intestine, it would lower the luminal pH, react with luminal bicarbonate, and raise the Pco2. It was therefore necessary to inhibit gastric acid secretion in order to determine whether the chloride secretion by the jejunal mucosa is associated with hydrogen ion secretion. ) The results are shown in Table VI . With the bicar- (-) = net absorption; (+) = net secretion. Table II .) The results ofthese two studies are presented in Table VII . Bicarbonate was absorbed in both subjects, but water movement was close to zero. In spite of negligible movement of water, the chloride concentration in luminal fluid rose to levels much higher than the plasma chloride concentration. PD was measured in one of the subjects and was -5 mV. Thus, the chloride secretion in this subject occurred against both a concentration and an electrical gradient. Chloride fluxes were also measured in this subject, and the observed flux ratio was less than the flux ratio calculated for passive transport. These results suggest that these two normal subjects were actively secreting chloride during perfusion of a bicarbonate-containing test solution. Neither subject was ill in any way when these studies were carried out.
DISCUSSION
Previous studies have shown that the human jejunum absorbs bicarbonate actively (against an electrochemical gradient), that this absorption process does not Cimetidine was administered to decrease gastric acid secretion.
There was no statistically significant difference in Pco2 and pH of samples from proximal and distal collecting sites. * P value between infusion and proximal collecting site. 4 (-) = absorption; (+) = secretion. § In subject GW, serum chloride concentration was 103 meq/liter.
generate an electrical potential difference across the mucosa, and that bicarbonate absorption is mediated by hydrogen ion secretion rather than by bicarbonate ion absorption (2) . Sodium is also actively absorbed by the jejunum, but only when the luminal fluid contains bicarbonate. These observations have suggested that a Na+/H+ exchange is the mediator of active sodium bicarbonate absorption by the human jejunum. This active sodium bicarbonate absorption results in the passive absorption of water, sodium chloride, and potassium chloride. As far as we can tell, in the absence of luminal bicarbonate or some actively absorbed nonelectrolyte such as glucose, the human jejunum does not actively absorb sodium or any other electrolyte. Much earlier work (1) has suggested that the normal small bowel is also a secretory organ, but that this function is masked by more powerful absorptive forces (see Introduction). It was our purpose to evaluate this hypothesis. It seemed possible to do this by removing bicarbonate from the luminal perfusion fluid; in the absence of bicarbonate, active sodium bicarbonate absorption is eliminated, and passive absorption of water and electrolytes secondary to absorption of sodium bicarbonate is correspondingly reduced. Thus, if the normal jejunum secretes as well as absorbs, the secretion should become apparent during perfusion of a bicarbonate-free solution.
Therefore, we perfused the jejunum with an isotonic, bicarbonate-free, sulfate-containing solution, and under these conditions the jejunum secreted water, sodium, and chloride (Table II) . These experiments therefore confirmed the hypothesis that the human jejunum is a secretory as well as an absorptive organ.
To identify the ion that is actively secreted during perfusion of a bicarbonate-free solution, we repeated the experiment in a larger number of subjects and measured potential difference and bidirectional fluxes of sodium and chloride. These studies suggested that sodium secretion was passive, in accordance with electrochemical gradients. On the other hand, the chloride secretion was apparently active, in that chloride was secreted against an electrochemical gradient, and the chloride flux ratios were not consistent with passive chloride movement according to Ussing's equation. The only possible driving force for passive chloride secretion during this experiment was water secretion at an average rate of 12 ml/h per 30 cm. However, it seems doubtful that this small water secretion rate could cause the observed chloride secretion. Furthermore, the calculated concentration of chloride in secreted fluid was -310 meq/liter (water secretion rate 12 ml/h, chloride secretion rate 3.7 meq/h); if chloride secretion were passive, secondary to water secretion (solvent drag), the concentration of chloride in the secreted fluid would be less than the chloride concentration in plasma.
Before we can conclude that active chloride secretion is a property ofthe normal jejunum, two factors related to our experimental design need to be considered. First, in the data discussed so far, sulfate replaced bicarbonate in the bicarbonate-free solution, and it is conceivable that high luminal concentrations of sulfate might somehow stimulate chloride secretion, perhaps by a sulfate-chloride exchange. Therefore, additional studies were carried out wherein the perfusing solution did not contain sulfate (Table IV) , and active chloride secretion was still evident. Therefore, chloride secretion cannot be attributed to high luminal sulfate concentration. Second, during perfusion of bicarbonatefree solution, the pH of luminal fluid was 5.8-6.0, raising the possibility that the observed chloride secretion is somehow a function oflow luminal fluid pH rather than an intrinsic property of the normal jejunum. There are two arguments against this possibility. First, we have occasionally observed chloride secretion in normal subjects during perfusion with a bicarbonatecontaining solution (Table VII) when the luminal pH would be >7.0. Therefore, chloride secretion can occur in normal subjects at higher luminal pH than is present when bicarbonate-free solutions are perfused. Second, the "normal" pH of the fasting luminal contents is about 6.5 (2) . Presumably, this is due to acid secretion by the jejunum, probably Na/H exchange (see first paragraph of Discussion). Furthermore, the pH of postcibal jejunal contents is 4-7 (14) . Therefore, the pH of luminal contents during peffusion ofthe bicarbonatefree solution is not abnormal.
Thus, we conclude that the normal jejunum actively secretes chloride in vivo. The magnitude of this secretion was variable, but averaged 4 meq/h per 30 cm ofjejunum. To put this in perspective, this value can be compared with the other active anion transport process in the human jejunum, bicarbonate absorption, which occurs at a rate of 16 meq/h per 30 cm when luminal contents contain bicarbonate in a concentration equal to that in plasma (Table II) . Thus, the normal bicarbonate absorption rate is about four times greater in magnitude than the normal chloride secretion rate. However, the greater magnitude of bicarbonate absorption is probably only one reason why the anion absorptive force (bicarbonate) exceeds the anion secretory force (chloride) during perfusion of balanced test solutions. Another is that the jejunal mucosa is impermeable to bicarbonate, but highly permeable to chloride (15) . Therefore, active absorption of a milliequivalent of bicarbonate is probably more efficient than active secretion of a milliequivalent of chloride, because there is less passive back leak of transported bicarbonate.
Nevertheless, we believe that the rate of active chloride secretion may be partially responsible for the variable net rate of absorption or secretion observed in different normal subjects. For example, we suspect that high to normal rates of chloride secretion may be responsible for the net secretion ofwater and electrolytes observed in a small fraction of nornal subjects when theirjejunum is perfused with a bicarbonate-containing test solution (Table VII) .
Our observations strongly suggest that the normal jejunum actively secretes chloride, but they reveal no evidence as to the site of this secretory process, i.e., crypt cells, villous cells, or both. In addition, our studies do not reveal the mechanism of the active chloride secretion. The data do suggest, however, that the chloride secretion is not dependent on H2-receptors, since it was not inhibited by cimetidine, and that hydrogen does not accompany chloride in the secretory process. At the present time, we have no further insight into the mechanism of jejunal chloride secretion.
It is theoretically possible that the chloride secretory process we have observed in the normal jejunum is the same chloride secretory process that is stimulated by cholera toxin or other agents that enhance mucosal cyclic AMP concentration. On the other hand, it is also possible that such "secretagogues" cause chloride secretion mainly by inhibiting normal absorption and thus unmasking normal chloride secretion. Further studies are required to settle this question.
If the normal human jejunum secretes normally, one might expect this to have been evident from in vitro studies when the potential difference was shortcircuited. One group of workers studied the human jejunal mucosa under short-circuited conditions (16) , and no statistically significant chloride absorption or secretion was observed. However, a bicarbonatecontaining solution was used in this in vitro study, and perhaps water movement, in response to sodium bicarbonate absorption, might have stimulated passive chloride absorption and thus masked active chloride secretion. It would seem worthwhile to repeat this in vitro experiment with a bicarbonate-free medium on the luminal side of the mucosa. In vitro results in animals are conflicting. A short-circuited preparation of rat jejunum secreted chloride (17) , whereas a similar study in the rabbit revealed no active transport of chloride (18) . Thus, it is possible that active chloride secretion by the normal jejunum may vary in different species.
